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Chronic ultraviolet-B irradiation of the skin results
in epidermal hyperplasia, degradation of extracellular
matrix molecules, and formation of wrinkles. To
characterize the biologic role of the vascular system
in the mediation of ultraviolet-B-induced skin dam-
age, we performed quantitative analyses of cutaneous
blood vessels of mice after 10 wk of ultraviolet-B
irradiation. Skin vascularization was greatly
increased after chronic ultraviolet-B exposure with a
signi®cant increase of both the number and the size
of dermal blood vessels, associated with upregulation
of vascular endothelial growth factor expression in
the hyperplastic epidermis. To directly study
whether inhibition of angiogenesis may diminish
ultraviolet-B-induced cutaneous damage, wild-type
and transgenic mice with skin-speci®c overexpres-
sion of the endogenous angiogenesis inhibitor
thrombospondin-1 were subjected to the same ultra-
violet-B irradiation regimen. Ultraviolet-B-irradiated
thrombospondin-1 transgenic mice showed a signi®-
cantly reduced skin vascularization, decreased
endothelial cell proliferation, and increased endothe-
lial cell apoptosis rates, compared with wild-type
mice. Moreover, dermal photo-damage and wrinkle
formation were greatly reduced in thrombospondin-
1 transgenic mice. These results reveal an important
role of the cutaneous vascular system in mediating
ultraviolet-B-induced skin damage and suggest
inhibition of angiogenesis as a potential new
approach for the prevention of chronic cutaneous
photo-damage. Key words: VEGF/skin aging/endothe-
lium. J Invest Dermatol 118:800±805, 2002
S
kin alterations observed after a single exposure to
ultraviolet-B (UVB) irradiation (290±320 nm wave-
length) include erythema (Cox et al, 1992; Kripke,
1994), vascular hyperpermeability, dilation of dermal
blood vessels, and epidermal hyperplasia (Pearse et al,
1987; Berton et al, 1997). Prolonged sun exposure of human skin
results in wrinkle formation, elastosis, and degradation of matrix
macromolecules (Kligman, 1989; Leyden et al, 1989), and leads to
an enhanced risk for the development of epithelial skin cancers
(Kripke, 1994). The pronounced vascular changes observed after
acute UVB irradiation suggest that the cutaneous vasculature plays
an important role in the mediation of acute photo-damage. Several
angiogenic factors, including vascular endothelial growth factor
(VEGF), basic ®broblast growth factor, and interleukin-8 (Kramer
et al, 1993; Strickland et al, 1997; Bielenberg et al, 1998) have been
found upregulated after acute UVB irradiation of the skin, whereas
a decreased expression of interferon-b, a cytokine with antiangio-
genic activity, has been reported (Bielenberg et al, 1998). The
biologic role of skin blood vessels in the pathogenesis of chronic
UV damage has remained unclear, however.
Angiogenesis, the formation of new blood vessels from pre-
existing vessels, involves increased microvascular permeability,
degradation of extracellular matrix molecules, and proliferation and
migration of endothelial cells, leading to the formation of new
capillaries. In normal skin, angiogenesis is restricted to the
perifollicular vasculature during the growth phase of the hair
follicle (Yano et al, 2001). The skin can initiate a rapid angiogenic
response during wound healing and in¯ammation, however. We
have previously identi®ed VEGF, released by epidermal keratino-
cytes, as a major skin angiogenesis factor (Detmar, 1996). VEGF
expression is upregulated in the hyperplastic epidermis of psoriasis
(Detmar et al, 1994), in healing wounds (Brown et al, 1992), and in
other skin diseases characterized by enhanced angiogenesis (Brown
et al, 1995a; 1995b). Moreover, targeted overexpression of VEGF
in the epidermis of transgenic mice resulted in enhanced skin
vascularization with increased numbers of tortuous and hyper-
permeable blood vessels (Detmar et al, 1998). In contrast, much less
is known about the functional role of endogenous inhibitors of
angiogenesis in the skin. Thrombospondin-1 (TSP-1) is a 450 kDa
matricellular protein that inhibits proliferation and migration of
endothelial cells in vitro and potently diminishes squamous cell
carcinoma growth and angiogenesis in vivo (Tolsma et al, 1993;
Bleuel et al, 1999; Streit et al, 1999). In normal human skin, TSP-1
mRNA is produced by basal epidermal keratinocytes and TSP-1
protein is deposited in the basement membrane area (Wight et al,
1985), contributing to the normal antiangiogenic barrier that
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separates the avascular epidermis from the vascularized dermis
(Detmar, 2000).
We hypothesized that endothelial cell activation and induction
of skin angiogenesis might play a critical role in the mediation of
extracellular matrix degradation that is characteristic for chronic
UVB damage. Therefore, we ®rst performed a quantitative analysis
of cutaneous blood vessels after repeated UVB exposures, using an
established mouse model for UVB-induced chronic skin damage
that has been previously characterized in detail (Bissett et al, 1987).
Similar to the ®ndings in humans, long-term UVB irradiation of
mouse skin leads to epidermal hyperplasia, elastosis, and degrad-
ation of the extracellular matrix (Kligman et al, 1984; Bissett et al,
1987; Lavker and Kligman, 1988). In a next step, we then
investigated whether inhibition of skin angiogenesis might prevent
UVB-induced skin damage, using transgenic mice with skin-
speci®c overexpression of the angiogenesis inhibitor TSP-1 (Streit
et al, 2000). The phenotype of these mice includes decreased
angiogenesis and granulation tissue formation during tissue repair,
whereas no major abnormalities were found in normal, non-
wounded skin (Streit et al, 2000). Here, we report that chronic
UVB irradiation results in pronounced cutaneous angiogenesis and
in upregulation of VEGF expression by epidermal keratinocytes.
Targeted overexpression of the angiogenesis inhibitor TSP-1 in the
epidermis of transgenic mice inhibited UVB-induced angiogenesis,
cutaneous photo-damage, and wrinkle formation.
MATERIALS AND METHODS
UVB irradiation regimen In a ®rst experiment, 8-wk-old female
hairless Skh-1 mice (n = 7 per group) were exposed to UVB irradiation,
using a bank of four equally spaced ¯uorescent lamps (Southern New
England Ultraviolet, ME) (Kochevar et al, 1993). The height of the
lamps was adjusted to deliver 0.35 mW per cm2 at the dorsal skin surface
of the mice. Mice were irradiated with UVB three times weekly for 10
wk, with a starting dose of 0.5 minimal erythema dose (MED) (20 mJ
per cm2) and gradual increases in increments of 0.5 MED to a maximum
dose of 4.5 MED (Kligman, 1989). The total cumulative dose of UVB
was 5.62 J per cm2. No acute sunburn reactions were observed. Control
mice were sham-irradiated. In an additional experiment, 8-wk-old
female K14/TSP-1 transgenic mice (Streit et al, 2000) or FVB wild-type
controls (n = 7 per group) were treated with UVB irradiation as
described above for a total of 12 wk (cumulative UVB dose 6.52 J per
cm2). After 12 wk, mice were sacri®ced and skin replicas were obtained
using silicon rubber (SILFLO; Flexico Developments, U.K.) as described
previously (Chen et al, 1992). Back skin samples were either snap-frozen
in liquid nitrogen or ®xed in 10% formaldehyde. All animal studies were
approved by the Massachusetts General Hospital Subcommittee on
Research Animal Care.
Immunohistochemistry for CD31 and computer-assisted
morphometric vessel analysis Immunohistochemical stainings were
performed on 7 mm frozen sections as described previously (Streit et al,
2000), using a monoclonal rat antimouse CD31 antibody (Pharmingen,
San Diego, CA). Representative sections were obtained from ®ve UVB-
irradiated mice of each experimental group and from ®ve age-matched,
non-UVB-irradiated control mice, and were analyzed using a Nikon E-
600 microscope (Nikon; Melville, NY). Images were captured with a
Spot digital camera (Diagnostic Instruments, Sterling Heights, MI), and
morphometric analyses were performed using the IP-LAB software
(Scanalytics, Fairfax, VA) as described previously (Streit et al, 2000).
Three different ®elds of each section were examined at 603
magni®cation, and the number of vessels per mm2, the average vessel
size, and the relative area occupied by blood vessels were determined in
the dermis, in an area within 100 mm distance from the epidermal±
dermal junction. The two-sided unpaired Student's t test was used to
analyze differences in microvessel density and vascular size. In addition,
paraf®n sections were obtained from the skin of the same mice, and
routine hematoxylin±eosin stains and LUNA stains were performed as
described previously (Prophet et al, 1992).
Proliferation and apoptosis assays To analyze endothelial cell
proliferation, double immuno¯uorescent stainings for the endothelial cell
marker CD31 and the proliferation marker Ki-67 (Gerdes et al, 1983)
were performed on 7 mm frozen sections, using a monoclonal rat
antimouse CD31 antibody and a rabbit anti-Ki-67 polyclonal antibody
(Novocastra Laboratories, Burlingame, CA). Antirat IgG conjugated with
FITC and antirabbit IgG conjugated with Texas-Red (Jackson
ImmunoResearch Laboratories, West Grove, PA) were used as secondary
antibodies. Representative sections were obtained from ®ve mice for
each experimental group and were analyzed using a Nikon E-600
microscope. Digital images of CD31 (green) and Ki-67 (red) stains were
obtained in identical ®elds and were combined to reveal proliferative
endothelial cells (yellow). Apoptotic endothelial cells were detected by
double immuno¯uorescence, using the Fluorescence-FragEL DNA
fragmentation detection kit (Oncogene, Cambridge, MA) and an
antimouse CD31 antibody together with an antirat IgG conjugated with
Texas-Red as described previously (Streit et al, 2000).
In situ hybridization In situ hybridization was performed on paraf®n
sections as described earlier (Detmar et al, 1998). Brie¯y, slides were
processed through xylene to remove paraf®n, and then passed
sequentially through graded alcohols; 0.2 M HCl; Tris/ethylenediamine
tetraacetic acid (EDTA) with 3 mg per ml proteinase K; 0.2% glycine;
4% paraformaldehyde in phosphate-buffered saline pH 7.4; 0.1 M
triethanolamine containing 1/200 (vol/vol) acetic anhydride; and 2 3
sodium citrate/chloride buffer (SSC). Slides were hybridized overnight at
52°C with 35S-labeled riboprobes in the following mixture: 0.3 M NaCl,
0.01 M Tris pH 7.6, 5 mM EDTA, 50% formamide, 10% dextran
sulfate, 0.1 mg per ml yeast tRNA, and 0.01 M dithiothreitol. Post-
hybridization washes included 2 3 SSC/50% formamide/10 mM
dithiothreitol at 65°C and 2 3 SSC. Slides were then dehydrated though
graded alcohol containing 0.3 M ammonium acetate, dried, coated with
Kodak NTB2 emulsion, and stored in the dark at 4°C for 2 wk. The
emulsion was developed with Kodak 19 developer and the slides were
counterstained with hematoxylin. Antisense and sense single-stranded
35S-labeled RNA probes for VEGF were prepared from a 393 bp rat
VEGF cDNA fragment (Detmar et al, 1998), cloned into pGEM-3Z
(Promega).
Figure 1. Wrinkle formation and enhanced skin vascularization
after long-term UVB irradiation. Skin replicas of mice treated with
long-term UVB irradiation (B) reveal wrinkle formation and textural
damage, compared with nonirradiated skin (A). Increased cutaneous
vascularization with prominent enlargement of blood vessels in
chronically UVB-treated skin (D), compared with control skin (C).
Panels C and D depict the underside of the skin. Scale bar: 3 mm.
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RESULTS
Enhanced skin angiogenesis after long-term UVB
irradiation After 10 wk of UVB irradiation (cumulative dose
5.65 J per cm2), replicas were obtained from the back skin of UVB-
irradiated and of nonirradiated mice in order to evaluate the skin
surface relief as a parameter for the extent of skin damage.
Pronounced formation of wrinkles was observed in UVB-irradiated
mice (Fig 1B), whereas no visible wrinkles were detected in
nonirradiated control mice (Fig 1A). Macroscopic examination of
the underside of the skin demonstrated increased subcutaneous
vascularization in UVB-irradiated mice with prominent
enlargement of blood vessels (Fig 1C, D).
Histologic analysis showed thickening of the epidermis, dermis,
and sebaceous glands (Lesnik et al, 1992) in UVB-treated mice,
accompanied by accumulation of in¯ammatory cells in the upper
dermis (Fig 2A, B). Moreover, we found fragmented and less
organized collagen ®bers and elastic ®bers in UVB-irradiated skin
(Fig 2D) compared with the regular pattern observed in
nonirradiated control skin (Fig 2C). Immunostains for CD31
revealed an increased number of enlarged blood vessels in the
dermis of UVB-irradiated mice (Fig 2F) compared with untreated
controls (Fig 2E). These changes were most prominent in the
papillary dermis, in an area immediately underlying the epidermis
(Fig 2F).
We next performed quantitative, computer-assisted morpho-
metric analyses of cutaneous vessel density and size, using CD31-
stained tissue sections. Chronic UVB irradiation resulted in a
signi®cant (p < 0.001) increase in vascular density compared with
nonirradiated controls (Fig 2I). Vessels in UVB-irradiated skin
were also signi®cantly larger (p < 0.001) with a 67% increase in size
(Fig 2H), leading to a more than 130% increase (p < 0.001) in the
cutaneous area covered by vessels (Fig 2G).
Enhanced epidermal VEGF expression after long-term UVB
irradiation Because we had previously identi®ed VEGF as a
potent inducer of skin angiogenesis in conditions associated with
epidermal hyperplasia and increased dermal vascularity, we next
examined the effect of long-term UVB irradiation on cutaneous
VEGF mRNA expression. Using in situ hybridization, we found
that VEGF mRNA expression was potently upregulated in the
hyperplastic epidermis after long-term UVB irradiation (Fig 3B,
D), whereas only sparse VEGF expression was found in the dermis.
Little or no VEGF mRNA expression was detected in the skin of
non-UVB-irradiated mice (Fig 3A, C).
Overexpression of TSP-1 inhibits UVB-induced cutaneous
damage, wrinkle formation, and angiogenesis To
investigate the functional signi®cance of cutaneous angiogenesis
for mediating the damaging effects of long-term UVB irradiation
on the skin, we next subjected transgenic mice with skin-speci®c
overexpression of the endogenous angiogenesis inhibitor TSP-1 to
the same UVB irradiation regimen. These mice have been
previously characterized and show potent inhibition of wound-
induced angiogenesis (Streit et al, 2000). After 10 wk of UVB
irradiation (cumulative UVB dose 6.52 J per cm2), all wild-type
mice showed formation of wrinkles on their dorsal skin (Fig 4A).
In contrast, no wrinkle formation was observed in TSP-1
Figure 2. Cutaneous photodamage and increased vascularization
after long-term UVB irradiation. Thickening of epidermis and
dermis and increased in¯ammatory cell in®ltration in the skin of mice
treated with long-term UVB irradiation (B), compared with
nonirradiated control skin (A). Hematoxylin±eosin stains and LUNA
stains demonstrate irregular organization of elastic and collagen ®bers in
the papillary dermis of UVB-treated skin (D), compared with control
skin (C). CD31 immunostains reveal increased vascularization with more
numerous and enlarged blood vessels in UVB-treated mice (F), most
prominently in the upper dermis, compared with control mice (E).
Computer-assisted morphometric analysis of CD31-stained skin sections
revealed a signi®cant increase of the average vessel size (H), vessel density
(I), and the relative skin area covered by vessels (G) in UVB-irradiated
mice, compared with nonirradiated controls. Data are expressed as mean
6 SD of three independent experiments. ***p < 0.001 (increase over
non-UVB-irradiated). Scale bars: (A, B, E, F) 150 mm, (C, D) 100 mm.
Figure 3. Enhanced epidermal VEGF expression after long-term
UVB irradiation. In situ hybridization demonstrates enhanced epidermal
VEGF mRNA expression in suprabasal epidermal keratinocytes after
chronic UVB irradiation (B, D), compared with little or no VEGF
mRNA expression in nonirradiated skin (A, C). Bright-®eld (A, B) and
dark-®eld (C, D) microscopy. Scale bar: 150 mm.
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overexpressing transgenic mice (Fig 4B). Macroscopically, K14/
TSP-1 transgenic mice also showed reduced skin vascularization
(Fig 4D) compared with wild-type littermates (Fig 4C).
Histologic analysis revealed that the UVB-induced thickening of
the dermis and the subcutis was less pronounced in K14/TSP-1
transgenic mice (Fig 5B) compared with wild-type mice (Fig 5A),
whereas we did not ®nd any major differences in the thickness of
the epidermis. We also detected a reduction of in¯ammatory cell
in®ltration and a more regular arrangement and structure of
collagen and elastic ®bers in the dermis of K14/TSP-1 transgenic
mice (Fig 5B, D) mice compared with wild-type mice (Fig 5A,
C). Moreover, the skin vascularity was greatly reduced in K14/
TSP-1 transgenic mice (Fig 5E, F). Morphometric analysis of
CD31-stained skin sections, obtained after 12 wk of UVB
irradiation, showed a more than 55% reduction of the average
vessel size in TSP-1 transgenic mice compared with wild-type mice
(Fig 5H; p < 0.001), and a signi®cant reduction in the cutaneous
area covered by vessels (Fig 5G; p < 0.001), whereas vessel density
(number of vessels per area unit) was only slightly reduced (Fig 5I).
In contrast, no signi®cant differences of the average area occupied
by vessels (Fig 5J), the average vessel size (Fig 5K), or the vessel
density (Fig 5L) were detected in the nonirradiated skin of age-
matched TSP-1 transgenic and wild-type mice. Double immuno-
¯uorescent stainings for CD31 and Ki-67 demonstrated a marked
reduction in the number of proliferating endothelial cells in the
dermis of UVB-irradiated TSP-1 transgenic mice (Fig 6B),
compared with UVB-irradiated wild-type littermates (Fig 6A).
Moreover, TUNEL assays, combined with CD31 stains, revealed
an increase of endothelial cell apoptosis in the skin of TSP-1
transgenic mice (Fig 6D) compared with wild-type littermates
(Fig 6C).
DISCUSSION
Photoaged skin is characterized by epidermal hyperplasia, dermal
elastosis, and matrix protein degradation (Kligman et al, 1986;
Leyden et al, 1989), and by the presence of perivenular
lymphohistocytic dermal in®ltrates (Lavker and Kligman, 1988).
Whereas previous studies found vascular activation including
endothelial cell proliferation after acute UVB irradiation of the
skin (Bielenberg et al, 1998), the distinct effects of chronic UVB
exposure on cutaneous vascularization and the biologic importance
of dermal blood vessels for the mediation of chronic UVB-induced
cutaneous damage have remained unknown. Our results reveal that
chronic UVB irradiation of the skin is associated with pronounced
dermal angiogenesis and with increased VEGF expression in the
hyperplastic epidermis, and that targeted inhibition of skin
angiogenesis by TSP-1 diminishes UVB-induced dermal damage
and wrinkle formation.
After 10 wk of UVB irradiation of Skh-1 hairless mice, an
established experimental model for chronic photoaging (Kligman,
1989), we detected wrinkle formation and the characteristic
histologic features of epidermal and dermal thickening, associated
with increased detection of disorganized elastic and collagen ®bers
in the dermis. Quantitative image analysis of tissue sections stained
for the endothelial junction molecule CD31 (Dejana et al, 1995)
revealed a marked induction of skin angiogenesis after long-term
UVB irradiation, with a signi®cant increase of both vessel density
and vessel size. These vascular changes were comparable to the
angiogenic changes that occur during cutaneous wound healing
where both sprouting of preexisting blood vessels and vessel
enlargement contribute to the formation of the vessel-rich
granulation tissue (Streit et al, 2000). In contrast, chronic in¯am-
matory skin diseases such as psoriasis predominantly show vascular
remodeling with elongation and enlargement of cutaneous
microvessels but without the formation of new vessel sprouts.
Our ®ndings indicate that chronic UVB irradiation of the skin
results in a chronic tissue-repair-like reaction, and they suggest that
angiogenesis might play an important role in the mediation of
chronic UVB-induced skin damage.
VEGF is a major, keratinocyte-derived skin angiogenesis factor
(Detmar et al, 1995) with increased expression in the hyperplastic
epidermis of lesional psoriatic skin (Detmar et al, 1994) and of other
skin diseases associated with dermal angiogenesis (Brown et al,
1995a; 1995b), as well as in the neo-epidermis of healing wounds
(Brown et al, 1992; Kishimoto et al, 2000). In general, VEGF has
been found to be upregulated in skin conditions that are
characterized by epidermal hyperplasia and dermal angiogenesis.
We therefore hypothesized that epidermis-derived VEGF might
also play a major role in the mediation of chronic UVB-induced
skin angiogenesis. Indeed, we found a strong upregulation of VEGF
mRNA expression in the hyperplastic epidermis, but not in the
dermis, of chronically UVB-irradiated skin. These ®ndings are in
accordance with previous reports that acute UVB irradiation
induced VEGF expression in human epidermal keratinocytes in vitro
(Brauchle et al, 1996) and in vivo (Bielenberg et al, 1998). The exact
mechanisms of UVB-induced VEGF expression remain to be
established. Increasing evidence, however, suggests that several
growth factors that mediate the characteristic epidermal hyperplasia,
including transforming growth factor a and keratinocyte growth
factor (Detmar et al, 1995; Brauchle et al, 1996; Gille et al, 1997),
can act to enhance epidermal VEGF gene expression.
To directly investigate whether skin angiogenesis may play a
direct biologic role in the mediation of chronic UVB-induced skin
damage, we next subjected transgenic mice with skin-speci®c
overexpression of the angiogenesis inhibitor TSP-1 to chronic
UVB irradiation. Using an established keratin 14 (K14) promoter
cassette to target TSP-1 transgene expression to epidermal
keratinocytes, we have established K14/TSP-1 transgenic mice
that are characterized by increased levels of epidermal TSP-1
expression, by normal thickness and morphology of the epidermis
and dermis, and by potent inhibition of skin angiogenesis during
cutaneous wound healing (Streit et al, 2000). The use of the K14
promoter ensures high transgene expression under conditions of
epidermal hyperplasia because K14 gene expression is greatly
enhanced in proliferating keratinocytes. Our results reveal that
epidermal overexpression of TSP-1 inhibited dermal photodamage
and collagen and elastic ®ber disorganization, and also prevented
the formation of skin wrinkles. This effect was associated with a
potent inhibition of skin angiogenesis, with decreased endothelial
proliferation rates and with increased apoptosis of endothelial cells.
Figure 4. Reduced wrinkle formation and diminished cutaneous
vascularization in K14/TSP-1 transgenic mice after long-term
UVB irradiation. Skin replicas (A, B) and macroscopic view of the
underside of the skin (C, D) demonstrate reduced wrinkle formation (B)
and diminished cutaneous vascularization, with a predominant effect on
small-sized vessels (D) in K14/TSP-1 transgenic mice, compared with
wild-type littermates (A, C).
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In fact, the skin vascularity (vessel density, vessel size) in
UVB-irradiated TSP-1 transgenic mice was comparable to the
extent of skin vascularity observed in age-matched nonirradiated
wild-type and TSP-1 transgenic mice, indicating that the vascular
response to UVB irradiation was completely blunted by TSP-1. It is
of interest that both baseline vascularity and the UVB-induced
angiogenesis were higher in the skin of FVB mice compared with
Skh-1 mice, con®rming previous results regarding the heterogen-
eity of the angiogenic response in different mouse strains (Rohan et
al, 2000).
It has been reported that TSP-1 mediates inhibition of
angiogenesis by speci®c interactions of distinct sequences within
the type I repeats with the CD36 receptor on endothelial cells,
resulting in enhanced endothelial cell apoptosis rates (Jimenez et al,
2000). Recent evidence suggests that TSP-1 also inhibits the
activation of matrix metalloproteinase-2 (MMP-2) and MMP-9,
with potential implications for its antiangiogenic effects and its
inhibitory activity on wound granulation tissue formation (Bein
and Simons, 2000; Taraboletti et al, 2000; Rodriguez-Manzaneque
et al, 2001). It is of interest that inhibition of the UVB-induced
activation of MMP-9 activity has also been implicated as a
mechanism of action of topical tretinoin treatment (Kang, 1998).
Therefore, in addition to its potent antiangiogenic activity, effects
of TSP-1 on the activation of MMPs or on the activation of TGF-b
(Bornstein, 2001) might also have contributed to the reduction of
UVB-induced skin damage. The relative importance of these
distinct mechanisms for the multiple in vivo functions of TSP-1
remain to be established in future studies.
TSP-1 overexpression potently reduced the size of angiogenic
blood vessels whereas no major reduction of the vascular density
was detected. These results are in accordance with the predominant
inhibition of vascular enlargement in the wound granulation tissue
in TSP-1 overexpressing transgenic mice (Streit et al, 2000), and
Figure 5. Diminished dermal photo-damage and angiogenesis in
TSP-1 transgenic mice. Hematoxylin±eosin (A, B) and LUNA (C, D)
stains show reduced in¯ammatory cell in®ltration and more regular
arrangement and structure of collagen and elastic ®bers in TSP-1
transgenic mice (B, D) after long-term UVB irradiation, compared with
wild-type littermates (A, C). Elastic ®bers are stained dark purple in (C)
and (D). Scale bars: (A, B) 150 mm, (C, D) 100 mm. CD31 immunostains
demonstrate diminished vascularization with reduced vessel sizes in the
dermis of UVB-treated TSP-1 transgenic mice (F), compared with wild-
type mice (E). Computer-assisted morphometric analysis of CD31-
stained skin sections after 10 wk of UVB irradiation revealed a signi®cant
decrease of the average vessel size (H) and relative area occupied by
vessels (G) in TSP-1 transgenic mice, whereas the vessel density was
only slightly reduced (I). In contrast, no signi®cant differences of the
average area occupied by vessels (J), the average vessel size (K), or the
vessel density (L) were detected in the nonirradiated skin of age-matched
TSP-1 transgenic and wild-type mice. Data are expressed as mean 6 SD
of three independent experiments. ***p < 0.001 (decrease compared
with wild-type).
Figure 6. Reduced endothelial proliferation and increased
endothelial apoptosis in TSP-1 transgenic mice. Differential
immuno¯uorescent stains for CD31 (green) and Ki67 (red) demonstrate
reduced numbers of proliferating endothelial cells (arrowheads) in K14/
TSP-1 transgenic mice (B) after long-term UVB irradiation, compared
with wild-type littermates (A). Scale bar: 150 mm. Double
immuno¯uorescent stains for CD31 (red) and for apoptotic nuclei
(green) reveal increased numbers of apoptotic endothelial cells
(arrowheads) in UVB-irradiated K14/TSP-1 transgenic mice (D)
compared with wild-type littermates (C). Scale bar: 250 mm.
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with our previous ®ndings in human squamous cell carcinomas, in
which transfected TSP-1 exerted a more potent inhibitory effect on
peritumoral vessel sizes than on vessel numbers (Streit et al, 1999).
Although the mechanisms for this preferential effect on vessel size
remain unknown, increasing evidence suggests that the increased
vessel size of angiogenic vessels appears to be a more sensitive target
for angiogenesis inhibition. Indeed, treatment of human tumor
xenografts with a neutralizing anti-VEGF antibody resulted in a
rapid reduction of tumor vessel diameters (Yuan et al, 1996).
Together, our results indicate that inhibition of the repair-
associated, UVB-induced angiogenesis in mice also prevents dermal
photo-damage including the formation of wrinkles.
The observed induction of skin angiogenesis by chronic UVB
irradiation, together with the inhibition of cutaneous photo-
damage and wrinkle formation by skin-speci®c overexpression of
the angiogenesis inhibitor TSP-1, indicate that inhibition of skin
angiogenesis might represent a potential new approach for the
prevention of chronic cutaneous UVB damage. Because TSP-1
exerts multiple biologic functions, future studies with selective
angiogenesis inhibitors, e.g., small molecule inhibitors of VEGF
function, should provide more insight into the relative importance
of the angiogenic response for UVB-induced cutaneous damage.
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